Cannabis is the most commonly used illicit drug worldwide, and use is typically initiated during adolescence. The endocannabinoid system has an important role in formation of the nervous system, from very early development through adolescence. Cannabis exposure during this vulnerable period might lead to neurobiological changes that affect adult brain functions and increase the risk of cannabis use disorder. The aim of this study was to investigate whether exposure to Δ 9 -tetrahydrocannabinol (THC) in adolescent rats might enhance reinforcing effects of cannabinoids in adulthood. Male adolescent rats were treated with increasing doses of THC (or its vehicle) twice/day for 11 consecutive days . When the animals reached adulthood, they were tested by allowing them to intravenously self-administer the cannabinoid CB1-receptor agonist WIN55,212-2. In a separate set of animals given the same THC (or vehicle) treatment regimen, electrophysiological and neurochemical experiments were performed to assess possible modifications of the mesolimbic dopaminergic system, which is critically involved in cannabinoid-induced reward. Behavioral data showed that acquisition of WIN55,212-2 selfadministration was enhanced in THC-exposed rats relative to vehicle-exposed controls. Neurophysiological data showed that THCexposed rats displayed a reduced capacity for WIN55,212-2 to stimulate firing of dopamine neurons in the ventral tegmental area and to increase dopamine levels in the nucleus accumbens shell. These findings-that early, passive exposure to THC can produce lasting alterations of the reward system of the brain and subsequently increase cannabinoid self-administration in adulthood-suggest a mechanism by which adolescent cannabis exposure could increase the risk of subsequent cannabis dependence in humans.
INTRODUCTION
Worldwide, cannabis remains the most widely used illicit drug (UNODC, 2014) . Initiation of cannabis use typically occurs during adolescence, a critical phase of brain development characterized by progressive and specific neuroplastic modifications that determine the morphology and functionality of the brain (ie, synaptic plasticity, neuronal cell proliferation, migration, and differentiation) (Rice and Barone, 2000) . The endocannabinoid system via CB1 receptors (CB1Rs) has an important role during this period as it is involved in neuromaturation and synaptic pruning as well as in the maintenance and survival of differentiated neural cells (Galve-Roperh et al, 2009; Viveros et al, 2012) .
Expression of CB1Rs increases from early stages of brain development and reaches maximal levels during adolescence, after which levels remain stable or decrease into adulthood (Rodriguez de Fonseca et al, 1993; McLaughlin et al, 1994; Belue et al, 1995) . CB1Rs are present at high densities in brain areas important for executive functioning, reward, and memory processing (Mackie, 2005; Burns et al, 2007) . The adolescent brain is particularly sensitive to perturbations, and consequently exposure to cannabis might affect development of the endocannabinoid system and induce neurobiological changes that affect adult brain function. These long-lasting changes might contribute to negative outcomes, such as problematic patterns of use of cannabis and other illicit drugs (Copeland and Swift, 2009; Chadwick et al, 2013; Hurd et al, 2014) .
In fact, both clinical and epidemiological evidence suggest that cannabis use during adolescence is linked to increased risk for subsequent use of addictive drugs such as heroin and cocaine (ie, the so-called 'gateway hypothesis'; Kandel, 1975; Fergusson et al, 2006; Fergusson and Boden, 2008) and also to increased risk of developing cannabis use disorder (Gray, 2013) . For example, people who initiate cannabis use during adolescence have greater risk of developing cannabis dependence later in life, as compared with those who start cannabis use as adults (Coffey et al, 2003; Fergusson et al, 2003; Chen et al, 2005 Chen et al, , 2009 ). Animal models of drug abuse provide an objective and controlled means of studying such gateway effects by exposing animals to Δ 9 -tetrahydrocannabinol (THC, the main psychoactive component of cannabis) or to synthetic cannabinoids during adolescence and then offering them other drugs for self-administration in adulthood (Rubino et al, 2012) . Using such procedures, THC exposure during adolescence has been shown to increase morphine and heroin self-administration by rats in adulthood (Biscaia et al, 2008; Ellgren et al, 2007) . This effect is associated with alterations of the endogenous opioid system in limbic-related neuronal populations known to mediate reward behavior (Ellgren et al, 2007; Tomasiewicz et al, 2012) . Moreover, chronic THC exposure during adolescence augments vulnerability to stress-induced relapse to heroin seeking (Stopponi et al, 2013) and the sensitivity to morphine conditioning in the place preference paradigm in adult rats (Morel et al, 2009) . In contrast with these consistent findings of enhanced opioid self-administration after cannabinoid exposure, conflicting results have been found with self-administration of psychostimulant drugs. Ellgren et al (2004) found that pretreatment with THC or the synthetic cannabinoid CB1R agonist WIN 55,212-2 during early adolescence did not change the dopaminergic or behavioral responses to amphetamine in either adolescence or adulthood. Chronic administration of a different synthetic CB1R agonist, CP 55,940, during adolescence increased cocaine self-administration in adult female rats but produced no effects in males . Exposure to cannabinoids during adolescence enhanced the acquisition and reinstatement of 3,4-methylenedioxymetamphetamine hydrochloride-induced conditioned place preference in mice (Rodríguez-Arias et al, 2010) .
To the best of our knowledge, no animal study has assessed the possibility that exposure to THC during adolescence increases susceptibility to cannabinoid self-administration in adulthood. Thus, in the present study, independent groups of adolescent rats were exposed to either THC or an equivalent volume of vehicle for 11 days. Then, when they had reached adulthood, they were allowed to intravenously (i.v.) self-administer the synthetic CB1R agonist WIN 55,212-2 using the same self-administration protocol as in our previous studies (Fattore et al, 2001 . It is well established that the endocannabinoid system is involved in the regulation of reward-related processes and that cannabinoids can activate mesolimbic dopamine circuitry by enhancing the activity of dopamine (DA) neurons in the ventral tegmental area (VTA) (French et al, 1997; Gessa et al, 1998) , resulting in increased release of DA from nerve terminals in the shell of the nucleus accumbens (NAc shell) (Tanda et al, 1997) . Therefore, to assess possible modifications in the mesolimbic dopaminergic system function in rats exposed to THC in adolescence, we analyzed: (1) the electrophysiological effects of WIN 55,212-2 administration on the activity of VTA DA neurons in anesthetized rats; and (2) the capacity of WIN 55,212-2 to induce elevation in DA levels in the NAc shell in freely moving rats. Moreover, because cannabis use during adolescence confers an increased risk of mental health problems, and because preclinical studies can be useful in confirming and studying neurocognitive alterations (Schneider and Koch, 2003; Rubino et al, 2008; Chadwick et al, 2013) , we characterized the neurobehavioral profile of adult rats that had been exposed to THC in adolescence; this characterization included tests of spontaneous locomotor activity, elevated plus maze behavior (a model of anxiety), prepulse inhibition of the acoustic startle reflex (a test of sensorimotor gating, which is often abnormal in humans with schizophrenia or other psychiatric disorders), and sucrose preference (a test for depression-like anhedonia) (Rubino et al, 2008; Rubino and Parolaro, 2014) .
MATERIAL AND METHODS

Animals
Male Lister-Hooded rats (PND 38, Harlan-Nossan, Milan, Italy) were housed (5 per cage) in a climate-controlled animal room (21 ± 2°C temperature; 60% humidity) under a reversed 12-h light/dark cycle (lights on 0700 hours) with standard rat chow and water ad libitum. All experiments were approved by the local Animal Care Committee and carried out in strict accordance with the E.C. Regulations for Animal Use in Research (CEE No. 86/609). All efforts were made to minimize animal suffering and reduce the number of animals used.
Drugs
THC (RTI International, Research Triangle Park, NC, 1 g/5 ml in ethanol solution), was dissolved in a vehicle containing 2% Tween 80, 2% ethanol, and saline and injected intraperitoneally (i.p.) in a volume of 1 ml/kg of body weight. For self-administration, WIN55, methyl]-pyrrolo[1,2,3-de]-1,4-benzoxazinyl]-(1-naphthalenyl)-methanone mesylate), (WIN, Tocris, Bristol, UK) was first dissolved in one drop of Tween 80 and then diluted in heparinized (1%) sterile saline solution and made available at a concentration of 12.5 μg/100 μl. For electrophysiology and microdialysis experiments, WIN was first dissolved in one drop of Tween 80 and then diluted in sterile saline solution and injected i.v. in a volume of 1 ml/kg of body weight.
Treatment
Rats were acclimated for 1 week before starting treatment with THC or vehicle at PND 45, in the mid-adolescence period (Schneider, 2013) . Increasing doses of THC (2.5 mg/ kg, PND 45-47; 5 mg/kg, PND 48-51; 10 mg/kg, PND 52-55) or vehicle were given twice/day for 11 consecutive days. Theses doses of THC were chosen according to the literature (Rubino et al, 2008) . Body weight and food intake were monitored for the entire period of treatment. Once animals reached adulthood (70 PND), experiments were started (Figure 1 ).
Food Intake and Body Weight
At the beginning of treatment, rats were divided into two groups matched for body weight and food intake (n = 10 rats per group). These two parameters were monitored throughout the entire treatment. As animals were housed five per cage, chow amounts consumed per animal per day were averaged by dividing the amount per cage by five.
Intravenous WIN Self-Administration
Apparatus and procedure were the same as described previously (Fattore et al, 2001 . Under isoflurane 2% (Virbac, Italy) anesthesia, rats (PND 70) were surgically implanted with a silastic catheter in the right jugular vein. After surgery, each rat was given subcutaneous antibiotic treatment (0.1 ml Baytril, Bayer) and given 7 days to recover in an individual cage. Then, food intake was limited to 20 g/day, and animals were trained to press a lever for a response-contingent infusion of WIN under a one-response (FR1) schedule of reinforcement during 2-h daily sessions. WIN self-administration was performed in 12 operant chambers (29.5 × 32.5 × 23.5 cm 3 ), each encased in a soundand light-attenuating cubicle equipped with a ventilation fan (Med Associates, USA). The house light was illuminated to signal the start of the session. Depression of one lever, defined as the 'active' lever, resulted in: (i) extinction of the house light and illumination of the stimulus light, which remained on for 5 s; (ii) retraction of both levers; and (iii) activation of the infusion pump for 5 s, which delivered a 12.5 μg/kg dose of WIN in a volume of 0.1 ml. There was a 15-s time-out after each drug infusion, after which the two levers were re-extended into the chamber, the stimulus light went out, and the house light was illuminated. Depressions of the other lever (defined as 'inactive') were recorded but had no programmed consequences. Assignment of the active (drug-paired) and inactive (no drug-paired) levers to the left and right sides was counterbalanced and remained constant for each subject throughout all phases of the study. Rats met the acquisition criterion when the ratio of active to inactive responses over three consecutive days was 42 : 1.
Electrophysiology
Experiments were performed on animals that were only tested in the electrophysiology experiment. These rats were divided into vehicle-and THC-exposed groups and tested on PND 70 (n = 6 rats per group). For all electrophysiology experiments, extracellular single unit recordings were obtained from DA cells located within the lateral portion of the posterior VTA, a subregion which contains the majority of DA neurons projecting to the NAc lateral shell (Lammel et al, 2014) . Briefly, rats were anesthetized with urethane (1.3 g/kg, i.p.), and their femoral vein was cannulated for i.v. administration of drugs. Animals were placed in the stereotaxic apparatus (Kopf, Tujunga, CA, USA) with their body temperature maintained at 37 ± 1°C by a heating pad. Unit activity of putative DA neurons located in the VTA (6.0 mm posterior from bregma, 0.4-0.6 mm lateral from midline, V 7.0-8.0 mm from the cortical surface) (Paxinos and Watson 1998 ) was recorded extracellularly with glass micropipettes filled with 2% pontamine sky blue dissolved in 0.5 M sodium acetate (impedance 2-5 MΩ). Single unit activity was filtered (bandpass 500-5000 Hz), and individual spikes were isolated by means of a window discriminator (Neurolog Instruments, Digitimer, UK) and digitally recorded and sampled by a PC with Spike2 software and CED 1401 interface (Cambridge Electronic Design, Cambridge, UK). VTA putative DA neurons were isolated and identified according to already published criteria (Lecca et al, 2012 ; reviewed in Ungless and Grace, 2012): firing rate ⩽ 10 Hz, action potential duration ⩾ 2.5 ms, and inhibitory responses to hindpaw pinching. After 5 min of stable baseline activity, WIN was administered i.v. at exponentially increasing doses (125-500 μg/kg) every 2 min. Only one cell was recorded per rat. At the end of each recording session, direct current (10 mA for 15 min) was passed through the recording electrode to eject Pontamine sky blue. Rats were deeply anesthetized with urethane and decapitated. Brains were then removed and fixed in 8% w/v paraformaldehyde in PBS. The position of electrodes was microscopically identified on serial sections (60 μm) stained with Neutral Red.
In vivo Microdialysis
Experiments were performed in a room dimly illuminated by a red lamp starting on PND 70. These rats were only tested in the microdialysis experiment and were divided into vehicleand THC-exposed groups (n = 5 rats per group). During the same surgery session, rats were implanted with i.v. silastic catheters into the external jugular vein and microdialysis probes aimed at the NAc shell as described previously under anesthesia with Equithesin (5 ml/kg i.p.), (Fadda et al, 2006; Justinova et al, 2013) . NAC shell coordinates in mm relative to bregma were: AP, +1.6; ML, ± 1.1; and DV, − 7.9; with the mouth bar set to − 3.3 flat skull (Paxinos and Watson, 1998) . Dialysate samples were collected every 20 min and analyzed by high-performance liquid chromatography coupled to electrochemical detection. Rats were treated with WIN (300 μg/kg i.v.) only after DA values were stable (o10% variability) for at least three consecutive samples. 
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This drug dose was selected on the basis of the daily amount of WIN typically self-administered by male Lister Hooded rats under the same experimental conditions Justinova et al, 2013) . Importantly, this dose of WIN was also shown to significantly increase DA release in the shell part of the NAc of rats (Tanda et al, 1997) . Probe location in the NAc shell was determined histologically after each experiment.
Behavioral Tests
Animals that were only used in the behavioral-test experiments were divided into vehicle-and THC-exposed rats.
Testing started on PND 70, with a recovery period of 4 days between each testing condition in the experiment (n = 8 rats per group).
Locomotor activity. Rats were individually tested for locomotor activity using the Digiscan Animal Activity Analyzer (Omnitech Electronics, USA) in a dark room dimly illuminated by a red lamp as previously described (Spano et al, 2013) . During a session of 60 min, the following behavioral parameters were measured: distance travelled (cm), and time (s) spent in the center zone (o1 cm from wall).
Elevated plus maze. The elevated plus maze test was carried out as described previously (Rubino et al, 2008) . Prepulse inhibition (PPI). The general procedure was carried out as described previously (Spano et al, 2010) . The startle reflex system consisted of four standard cages each placed inside a sound-attenuated and ventilated chamber (Med Associated, USA). Startle cages were non-restrictive Plexiglas cylinders (diameter 9 cm) mounted on a piezoelectric accelerometer platform connected to an analog-digital converter. Background noise and acoustic bursts were conveyed through two speakers placed in proximity to the startle cages so that the sound intensities did not differ by 41 dB between cages. On the test day, each rat was placed in the experimental cage for a 5-min acclimatization period with a 70-dB white noise background; the white noise was continued for the remainder of the session. Animals were then tested on three consecutive trial blocks. The first and the third blocks consisted of 5 pulsealone trials of 40 ms at 115 dB, while the second block (test block) was a pseudorandom sequence of 50 trials, including 12 pulse-alone trials, 30 pulse trials preceded by 74, 78, or 82 dB prepulses (10 for each level of prepulse loudness), and 8 no-stimulus trials (where the only background noise was delivered). The percentage of (%) PPI was calculated based only on the values relative to the second block and using the following formula: 100 − ((mean startle amplitude for prepulse+pulse trials/mean startle amplitude for pulse-alone trials) × 100).
Sucrose preference test. The general procedure was carried out as described previously (Rubino et al, 2008) . Subjects were housed singly for the 3 days of test. Rats were given two bottles, one of sucrose (2%) and one of tap water. The position of the bottles was changed every 24 h to control for potential preference for drinking location, and the amount of sucrose and water consumed was evaluated. Fluid consumption (g) was measured by weighing the bottles before and after each test session. The sucrose preference index was calculated as the percentage of sucrose solution ingested relative to the total amount of liquid consumed: Sucrose intake (g)/(Sucrose intake (g)+Water intake (g)) × 100 (Amchova et al, 2014) .
Statistical Analysis
All results are presented as means ± SEM. Data from body weight and food intake were analyzed by two-way analysis of variance (ANOVA) for repeated measures, with drug treatment (vehicle and THC) and day as between-groups factors, and day as a repeated factor. For self-administration experiments, the cumulative number of responses on both the active and inactive levers over the 2 h was measured. The difference between the two groups was analyzed by two-way ANOVA for repeated measures, with drug treatment (vehicle and THC) and session as between-groups factors and session as a repeated factor. Within each group, the difference between active and inactive lever responding was analyzed by two-way ANOVA for repeated measures, with lever and session as between-groups factors and session as a repeated factor. For electrophysiology experiments, drug-induced changes in spontaneous firing rate were calculated by averaging the effects for the 2 min following drug administration and normalized to the predrug baseline. Data within each group were analyzed by one-way ANOVA for repeated measures. Difference between the two groups was analyzed by two-way ANOVA for repeated measures, with drug treatment (vehicle and THC) and doses as between-groups factors and dose as a repeated factor. For microdialysis experiments, basal DA values were calculated as the mean of the three consecutive samples and results are expressed as a percentage of basal DA values. Data within each group were analyzed by one-way ANOVA for repeated measures. Difference between the two groups was analyzed by two-way ANOVA for repeated measures, with drug treatment (vehicle and THC) and time as betweengroups factors and time as a repeated factor. Behavioral experiments were analyzed with two-way ANOVA (with the two factors being drug treatment and prepulses for PPI and drug treatment and day for the sucrose preference data) or Student's t-test when only two conditions were compared. Post hoc multiple comparisons were performed by Dunnett's test or by Bonferroni's test. In all cases, differences with a Po0.05 were considered significant.
RESULTS
Body Weight and Food Intake
As shown in Figure 2a , we found a significant difference in the percentage of body weight gain between THC-and vehicle-exposed rats. The weight gain of the rats treated with THC was lower than that of rats exposed to vehicle (two-way ANOVA significant main effect of drug treatment × days interaction: F (10,180) = 24.87, Po0.0001). Post hoc analysis showed that the significant difference in body weight started from the third day of treatment (Days 3 and 4 Po0.05; from Days 5-11 Po 0.001). Moreover, the effect on weight gain found in THC-exposed rats was accompanied by a concomitant reduction of food intake as compared with vehicle-exposed rats (Figure 2b ; two-way ANOVA significant main effect of treatment × days interaction: F (10,20) = 3.07, Po0.0152; post-hoc analysis (Days 3, 5, 6, 10, and 11 Po0.05; Day 4 Po0.01; Day 8 Po0.001)). However, these differences in body weight were restricted to the period of THC exposure. When the rats reached adulthood, no significant differences were found between controls and drug-treated rats (PND 70: vehicle-exposed rats 322.2 ± 4.6 vs THC-exposed rats 318.3 ± 6.8).
Effects of Adolescent THC Treatment on Acquisition and Maintenance of WIN Self-Administration in Adulthood
Acquisition of WIN (12.5 μg/100 μl) self-administration behavior was studied over 22 sessions in rats that had been exposed to THC or vehicle during adolescence (Figure 3a ). In line with previous studies (Fattore et al, 2001 , Spano et al, 2013 , in the first few days of training there was no clear discrimination between the active and inactive levers in either group. However, a significant increase in responding on the active lever developed over subsequent sessions in both vehicle-and THC-treated rats, whereas responding on the inactive lever remained at low levels. Rats in the THC-exposed group acquired the self-administration response significantly faster (t(14) = 2.695, P = 0.018), meeting the acquisition criterion in 12.4 ± 0.7 days compared with 15.29 ± 0.4. Two-way ANOVA revealed a significant lever × session interaction in both groups (vehicle-exposed rats F (21,252) = 1.65, P = 0.0400; THC-exposed rats F (21,336) = 4.65, Figure 2 Effect of chronic treatment with THC (n = 10) or its vehicle (n = 10) on body weight (a) and food intake (b) during THC exposure (PND 45-55). Each point represents the mean ± SEM. Two-way ANOVA: *Po0.05, **Po0.01 and # Po0.001 vs vehicle-exposed rats.
Figure 3 WIN self-administration on a fixed ratio 1 (FR1) schedule. (a) Data points represent the average number of total responses produced by WIN on the active or inactive levers during daily 2-h sessions in vehicle-(n = 7) and THC-exposed rats (n = 9). (b) Mean WIN intake over the last seven training sessions in vehicle-(n = 7) and THC-exposed rats (n = 9) during WIN self-administration. Student's unpaired t-test: # Po0.0001 vs vehicle-treated rats.
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Po0.0001). The THC-exposed rats had a significantly higher pressing rate on the active lever compared with vehicleexposed rats (two-way ANOVA significant main effect of drug treatment × session interaction: F (21,294) = 2.37, P = 0.0008). In accordance with this, the total amount of WIN consumed by THC-exposed rats during the maintenance phase (ie, once animals stabilized their drug intake) was significantly higher than that consumed by vehicleexposed rats. More specifically, during the last week of training, the mean total amount of WIN self-administered by vehicle-and THC-exposed rats was, respectively, 192.4 ± 5.7 and 288.7 ± 12.73 μg/kg (Student's unpaired t-test: t(14) = 6.261, Po0.0001; Figure 3b ). On the last day of training, response rates were 50% higher in THC-than in vehicle-exposed rats.
Effect of Adolescent THC Exposure on WIN-Induced Stimulation of VTA DA Neuronal Activity in Adulthood
Adolescent THC administration did not affect the spontaneous basal activity of DA neurons, with mean (± SEM) firing rates of 3.53 ±0.42 and 2.86 ± 0.7 Hz in vehicle-and THC-exposed rats, respectively (unpaired Student's t-test: t(9) = 0.638, P = 0.43). However, THC exposure during adolescence clearly altered midbrain DA neuronal response to cannabinoids in adulthood. I.v. injection of WIN (125-500 μg/kg, cumulative doses) dose dependently increased the discharge activity of VTA DA neurons in both vehicle-exposed and THC-exposed rats but had a significantly smaller effect in THC-exposed rats. Specifically, maximal firing was increased to 147.64 ± 6.12% of the predrug baseline at WIN 500 μg/kg (one-way ANOVA F (3,16) = 9.8, P = 0.0007) in vehicle-exposed rats and to 118.4 ± 6.5% of baseline in THC-exposed rats (one-way ANOVA F (3,20) = 3.538, P = 0.033) (Figure 4a ), but the maximum rate was significantly lower in THC-exposed rats compared with controls (two-way ANOVA, treatment × dose interaction: F (3,27) = 4.18, P = 0.0149, with post hoc analysis revealing a significant difference between the two groups at the dose of 500 μg/kg (Po0.01)). Representative firing rate histograms of VTA DA neurons recorded from a vehicle-and THC-exposed rats are shown in Figure 4b and c, respectively.
Effects of Adolescent THC Treatment on WIN-Induced Elevation in DA Levels in the NAc Shell in Adulthood
Basal extracellular values of DA in the NAc shell did not differ significantly between the two groups (38.89 ± 3.8 and 41.45 ± 4.74 fmol/50 μl in vehicle-and THC-exposed rats, respectively; unpaired Student's t-test: t(8) = 0.2541, P = 0.8058). At a dose that mimics the mean daily amount of drug typically self-administered by trained rats (300 μg/kg i.v.), acute i.v. injection of WIN significantly increased extracellular levels of DA in the NAc shell of vehicle-exposed rats to approximately 50% higher of basal levels (one-way ANOVA for repeated measures F (8,32) = 6.647, Po0.0001; Figure 5 ). In contrast, in THC-exposed rats, WIN did not significantly increase extracellular levels of DA (one-way ANOVA for repeated measures F (8,32) = 2.164 P = 0.0581). Comparing the two experimental groups, two-way ANOVA revealed a significant treatment × time Figure 4 (a) Dose-response curves displaying the effect of cumulative doses of WIN on the firing rate of VTA DA neurons recorded from vehicle-(n = 5) and THC-exposed rats (n = 6). Results are presented as mean ± SEM of firing rate expressed as a percentage of baseline levels. Two-way ANOVA: **Po0.01 vs vehicle-exposed rats. Exemplificative firing rate histograms of DA neurons recorded from (b) a vehicle-and (c) a THC-exposed rat show frequency increases after systemic administration of WIN. Arrows indicate the time of injection. Numbers above arrows indicate the dosages expressed in μg/kg i.v.
Cannabinoid administration during adolescence M Scherma et al interaction (F (8,72) = 4.66, P = 0.0001). Post hoc analysis revealed a significant difference between the two groups from the sixtieth minute after injection (Po0.05 and Po0.001); although both groups showed a slight increase during the first 40 min after the injection, this was not significantly different from baseline for either group.
Effects of Adolescent THC Treatment in Behavioral Tests
Spontaneous locomotor activity. There was no significant difference between the THC-and vehicle-exposed groups on distance traveled during the session (unpaired Student's t-test: t(14) = 0.1767, P = 0.7702; Figure 6a ). However, THC-exposed rats spent more time in the center zone compared with vehicle-exposed rats, an effect that might indicate lower levels of anxiety in the THC-exposed rats (unpaired Student's t-test: t(14) = 2.340, P = 0.0346; Figure 6b ).
Elevated plus maze.
The results obtained in the elevated plus maze are presented in Figure 6c and d. No significant group differences were found on the percentage of time or entries into the open in THC-exposed rats when compared with vehicle-exposed rats (unpaired Student's t-test: t(14) = 0.8201, P = 0.7694 and t(14) = 1.521, P = 0.3077, respectively).
Prepulse inhibition. Vehicle-and THC-exposed rats did not show differences in acoustic-startle response amplitude (unpaired Student's t-test: t(14) = 1.179, P = 0.2582; Figure 6e ). Moreover, we also found no significant differences between the two groups when analyzing the inhibition (PPI) of startle response at the three different prepulse intensities (two-way ANOVA treatment × prepulse interaction F (2,28) = 0.16, P = 0.8575; Figure 6f ).
Sucrose preference test. Vehicle-and THC-exposed rats did not show any significant group differences in sucrose preference during the 3 days of testing (two-way ANOVA treatment × day interaction F (2,28) = 1.77, P = 0.1897), and both groups had about the same sucrose preference index (Figure 6g) . However, the groups did differ in the amount of sucrose solution ingested (expressed in grams), with vehicleexposed rats consuming significantly more sucrose solution than THC-exposed rats ( Figure 6h) ; two-way ANOVA revealed a significant main effect of treatment (F (1,28) = 5.34 P = 0.0366), and post hoc analysis revealed a significant difference between the two groups on day 2 (Po0.05).
DISCUSSION
The present study evaluated whether adolescent THC exposure might produce long-lasting effects that alter subsequent addiction-related responses to cannabinoids in adult rats. The first finding of this study was that chronic treatment with THC in adolescent rats caused a reduction in weight gain associated with a decrease in food intake compared with vehicle-exposed rats. Although it is generally accepted that stimulation of CB1Rs typically increases food intake, opposite results similar to ours have also been reported. Indeed, previous studies (Rubino et al, 2008; Stopponi et al, 2013) have also shown that food intake is decreased during THC exposure using the same regimen of THC treatment that we used (ie, 2.5 mg/kg, PND 45-47; 5 mg/kg, PND 48-51; 10 mg/kg, PND 52-55). Keeley et al (2015) also found that chronic treatment with THC (5 mg/kg for 14 days) in adolescent rats led to a significant reduction of food intake and body weight. Possible explanations for this decreased food intake include the use of relatively high doses of THC and possible differences in the sensitivity of CB1R between adolescent and adult rats.
Using a rodent model of cannabinoid reinforcement in which rats i.v. self-administer WIN 55,212-2, we confirmed our earlier demonstrations that this synthetic cannabinoid has a clear reinforcing effect in rats (Fattore et al, 2001 and extended these findings to demonstrate that adolescent exposure to THC significantly increases WIN selfadministration in adulthood. Indeed, THC-exposed rats acquired cannabinoid self-administration more rapidly than controls, and they showed higher rates of cannabinoid consumption when self-administration behavior reached asymptote. These findings suggest that rats exposed to THC in adolescence are fully susceptible to the reinforcing effects of cannabinoid agonists in adulthood and that they require higher levels of drug to reach a satiation-like effect.
It is well documented that a history of cannabinoid exposure in adolescent animals can enhance sensitivity to other drugs of abuse (Rubino et al, 2012) . For example, adolescent THC exposure increases opiate selfadministration and increases vulnerability to stress-induced relapse to heroin seeking in adult rats, and these effects are associated with alterations in limbic opioid neuronal populations (Ellgren et al, 2007; Stopponi et al, 2013) . Exposure to escalating doses of THC during adolescence also induced an increase in sensitivity to morphine conditioning in the place preference paradigm (Morel et al, 2009) . Moreover, an enhancement of cocaine self-administration was found after adolescent chronic administration of CP 55,940 in adult female rats . All these findings together are in line with epidemiological evidence that prior cannabis use among adolescents could be linked to increased risk for subsequent use of illicit drugs such as heroin or cocaine as well as to increased risk of cannabis use disorder (Kandel 1975; Fergusson et al, 2006; Fergusson and Boden, 2008; Grey, 2013) .
The reasons why adolescent THC exposure might increase sensitivity to drugs of abuse are still not clear. The results of the present study suggest that enhanced WIN selfadministration might be due to modifications at the level of the mesolimbic dopaminergic system. As with other drugs of abuse, cannabinoids' reinforcing effects are related to activation of the mesolimbic dopaminergic system (Solinas et al, 2008) . Specifically, cannabinoids activate mesolimbic DA circuitry by enhancing the firing of DA neurons in the VTA and by preferentially increasing the release of DA from nerve terminals in the NAc Shell (French et al, 1997; Tanda et al, 1997; Gessa et al, 1998) . Moreover, in our recent study, we demonstrated that the mesolimbic dopaminergic system is significantly activated during voluntary cannabinoid intake in experienced subjects (Fadda et al, 2006) . In fact, in ListerHooded rats trained to self-administer WIN, DA content appreciably increased with respect to basal values during cannabinoid intake.
Our present neurophysiological data show that, as previously reported (Gessa et al, 1998; Pistis et al, 2004; Melis et al, 2013) , acute administration of escalating doses of WIN (125-500 μg/kg, i.v.) induces a dose-dependent increase in DA neuron firing rate in vehicle-treated rats. However, the increases in DA neuron firing induced by the high dose of WIN (500 μg/kg) are significantly attenuated in THC-exposed rats compared with vehicle-exposed controls. Furthermore, in the present study vehicle-exposed rats showed significant increases in DA levels in the NAc shell when they received passive i.v. administration of WIN at a dose very similar to the daily amount (300 μg/kg) typically self-administered by rats (Justinova et al, 2013) , but this same WIN administration did not significantly enhance DA levels in the same brain region of THC-exposed rats.
These neurochemical results suggest that the increase of WIN intake in our adolescent THC-exposed rats might actually be due to a decrease in sensitivity to the reinforcing effects of WIN, which is compensated for by higher consumption of the drug. This increased propensity to self-administer cannabinoids seems to be associated with decreased reactivity of DA neurons to pharmacological stimuli. In agreement, Pistis et al (2004) reported that, in There were no significant differences between the vehicle-and THC-exposed rats. PPI: (e) startle amplitude and (f) PPI at prepulse intensities of 74, 78, and 82 dB. Data represent the mean ± SEM. There were no significant differences between the vehicle-and THC-exposed rats for both measures. Sucrose preference test: (g) sucrose preference index and (h) amount of sucrose solution ingested expressed in grams. Two-way ANOVA: *Po0.05 vs vehicle-exposed rats. All data represent the mean ± SEM.
Cannabinoid administration during adolescence M Scherma et al cannabinoid-exposed adolescent rats, VTA DA neurons were significantly less responsive to the stimulating action of acute WIN, evaluated 2 weeks after last exposure. Moreover, the same authors found that passive cannabinoid administration during adolescence also affected the response of VTA DA neurons to morphine, with the opioid having little effect on firing rate in exposed rats but a stimulating action in controls (Pistis et al, 2004) . These findings could provide a basis for effects observed in clinical studies, such as lower DA release following amphetamine administration in participants with earlier age of onset of cannabis use compared with participants who started smoking cannabis later in life (Urban et al, 2012) .
All these data together indicate that the adolescent mesolimbic dopaminergic system might be highly sensitive to cannabinoid exposure. It is generally accepted that the endocannabinoid system is an important constituent of neuronal substrates involved in brain reinforcement/reward processes and that endocannabinoids can modulate excitatory and inhibitory inputs that control DA neurons of the mesolimbic system. Within adolescent ontogeny, fluctuations in endocannabinoid levels have been found in brain areas central to reward, and chronic intermittent THC exposure during adolescence has been shown to induce alterations of those levels in discrete areas, most evidently in the NAc, that may contribute to the disturbance of the neuronal activity of the DA neurons (Ellgren et al, 2008) . Moreover, young recreational users show morphological abnormalities in the brain, including increases in gray matter volume in the NAc and amygdala, two brain regions implicated in drug addiction (Gilman et al, 2014) .
It is well established that cannabinoid administration can rapidly induce tolerance to behavioral and biochemical effects and induce a downregulation of CB1Rs in cannabinoid-tolerant rats (Rubino et al, 1997; Romero et al, 1998; Breivogel et al, 1999) . The same THC-exposure regimen that we used was found to produce lasting changes in CB1Rs' expression and desensitization following adolescent THC exposure in adult rats, although the effect was stronger in female than in male rats (Rubino et al, 2008) . Thus it is possible that the behavioral and biochemical differences observed in our study between vehicle-and THC-exposed rats could be due to the onset of tolerance to the rewarding effects of WIN or to other effects of WIN, such as suppression of operant responding. If the obtained results are indeed due to tolerance, it is important to recognize that the effect of this tolerance was not to prevent WIN from having a rewarding effect on behavior but rather to accelerate acquisition of the self-administration response and to increase the asymptotic level of intake.
It should also be recognized that Pistis et al (2004) showed that DA neurons became significantly less responsive to the stimulating action of WIN even when chronic treatment was performed in adult animals. For this reason, it cannot be excluded that repeated THC exposure in adults might also alter cannabinoid self-administration. Further studies evaluating this possibility are needed. However, it has been shown that chronic exposure of adolescent rats to THC produces more long-term behavioral effects than chronic treatment of adult rats (Stiglick and Kalant 1983; Schneider and Koch 2003; Quinn et al, 2008) . In agreement, epidemiological evidence shows that people who initiate cannabis use during adolescence have greater risk of developing cannabis dependence later in life, as compared with those who start cannabis use when adults (Coffey et al, 2003; Fergusson et al, 2003; Chen et al, 2005) . Although our study was not designed to determine whether adolescent rats are affected differently from adult rats, it clearly shows that exposure in adolescence can have robust effects on behavioral and neural reactions to cannabinoids in adulthood. It could be valuable to determine the effects of initial exposure in adulthood, but epidemiologically, adolescent exposure is more prevalent and represents a more pressing concern.
Cannabis use during adolescence is also associated with morphological alterations in regions related to motivational, emotional, and affective processing; for example, gray matter volume is reduced in the medial temporal cortex, insula, and orbitofrontal cortex (Battistella et al, 2014) . To screen for possible effects of adolescent THC exposure on such processes in the present study, we conducted a series of behavioral tests to assess the neurobehavioral profile of our animals. As previously demonstrated (Rubino et al, 2008) , spontaneous locomotor activity in the open field and anxiety responses in the elevated plus maze were not significantly modified by the adolescent THC-exposure protocol used here; however, in contrast with the findings of Rubino et al (2008) , THC-exposed rats in the present study did show signs of decreased anxiety in the open-field test (ie, decreased thigmotaxis). Together, these findings suggest that the group differences in the self-administration experiment were not due to changes in levels of general locomotor activity or anxiety due to THC exposure. The sucrose preference test was run to evaluate anhedonia, the reduced responsiveness to pleasurable stimuli that is the main symptom of depression; no difference were found between the groups in the sucrose preference index. This finding is in apparent contrast with previous reports by Rubino et al (2008) who found a significant reduction in preference in Sprague-Dawley rats. The contrasting findings between studies might be due to differences related to the animal strains used, as significant variances have been reported between rat strains in the ability of cannabinoids to affect different behaviors (Deiana et al, 2007; Cadoni et al, 2013) . Also, it is important to note that despite the two groups in our experiments having the same sucrose preference index, the THC-treated rats consumed less sucrose solution than controls in all the 3 days of test, consistent with their lower food intake during cannabinoid exposure. The mesolimbic dopaminergic system, which was found to be altered by THC exposure in the present study, has an important role in driving hedonic feeding (Meye and Adan, 2014) , and it is well recognized that palatable food, similar to drugs of abuse, increases DA release in the NAc shell (Bassareo and Di Chiara, 1999) . However, it is unclear whether the decreased feeding and fluid intake in the present study, without a change in the relative preference for sucrose over tap water, can be attributed to changes in VTA and NAc DA signaling. Finally, our THC-treated rats did not exhibit sensorimotor gating impairments, suggesting that THC exposure did not induce a schizophrenia-like state.
In conclusion, our findings show that adolescent THC exposure enhances the acquisition of cannabinoid selfadministration and increases the asymptotic level of cannabinoid intake. If analogous effects occur in humans, the increased levels of cannabis use might lead to higher risk of adverse effects on physical and mental health. This increased intake might represent compensation for a reduction of rewarding effects, owing to decreased neurotransmission of cells projecting from the VTA to the NAc shell.
